COVALENCY EFFECTS IN HYPERFINE INTERACTIONS
Abstract. - The effects of covalency and overlap distortion on the spin and charge densities in mainly ionic materials are discussed and related to the hyperfine interactions. A linear combination of atomic orbitals is used although expansions and contractions of the wave functions relative to the free ion wave functions are also considered. We show that the relevant charge transfer parameters can be obtained from a separate measurement of the supertransferred hyperfine magnetic field and a comparison of the total hyperfine magnetic field and the isomer shift. Also a relation between the supertransferred hyperfine field and the superexchange interaction is discussed and demonstrated.
Fine and hyperfine interactions as studied by techniques like nuclear magnetic resonance (NMR), electron spin resonance (ESR), electron-nuclear double resonance (ENDOR) and the Mossbauer effect (ME) contain a vast amount of information concerning the electronic structure of atoms, ions, and their surroundings in solids. Magnetic dipole and electric quadrupole and monopole interactions depend strongly on the spin and charge density distributions in solids which are determined by inter-and intra-atomic coulomb and exchange interactions. The problem is how to extract information about the spin and charge density distribution from the measured hyperfine parameters and to interpret this in terms of the electronic structure. In this paper we will attempt to review some of the work which has been done in this direction. Special attention will be payed to the more ionic materials where a linear combination of atomic orbitals is expected to be a good approximation. Other more covalent materials should be treated by first principles calculations in which case it is difficult to parameterize the hyperfine interactions and each material has to be considered as a special case. In addition to the LCAO approximation we will also in most instances assume that the material can be considered as clusters of a central ion plus its nearest neighbors. It will be shown however that this picture probably breaks down for the sulfides, selenides and tellurides of 3d transition metals. In these materials the anion-anion interactions become so large that a band approach becomes more appropriate resulting in long range superexchange interactions and transferred hyperfine fields.
Using the LCAO description spin and charge density distributions will be determined in terms of overlap distortions and charge transfer parameters including the effects of the core orbitals. Overlap distortion effects on the electric field gradient and the isomer shift will be discussed in some detail. It will be shown that rearrangement effects will greatly reduce the original estimates of overlap distortion effects especially as far as the isomer shift is concerned. Going beyond the LCAO approach we will also consider the effects of radial expansions of the outermost orbitals on the spin orbit coupling parameter, the electric field gradient and the isomer shift. Estimates of these radial expansions can be obtained from the by neutron diffraction measured spin density distributions.
The possibility of correlations between the various hyperfine interactions will be discussed. We will also show that under certain conditions a correlation between the hyperfine field and superexchange interaction can be expected.
There are basically three types of hyperfine interaction which will be of interest to us, namely the electric monopole, electric quadrupole and the magnetic dipole interactions. Higher order multipole interactions can usually be neglected. Assuming the nuclear para'meters i. e. nuclear charge and spin distributions and the gyromagnetic ratios for both the ground and excited states to be known we will be concerned with the determination of the electronic charge density at the nucleus (p,(O)), the electric field gradient tensor (Vij), and the magnetic field (HhpE) acting on the nucleus. The relationship between these quantities and the measurements is described in most standard text books and will be only briefly mentioned here for notation purposes.
The Isomer Shift (IS) as measured in a ME experiment is described by IS = ap,(O) where u is a constant depending only on nuclear parameters. The result of a quadrupole interaction is described by the hamiltonian where I is the nuclear spin operator, I+ = I, f iIy and Q is the nuclear quadrupole moment. The magnetic hyperfine interaction is described by X, = gun Hh,, ' 
where gu,, Zz is the z component of the nuclear magnetic moment.
The isomer shift therefore involves only one quantity namely the electronic charge density at the nucleus. The quadrupole interaction involves 2 quantities VZz and y = Vxx -vyy (the asymmetry parameter).
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The magnetic hyperfine field can be split up into basically 3 contributions where H, is the dipole field which for one electron is given by where ri is the position of the electron and Si is its spin.
H, is the orbital contribution and for one electron it is
given by where Li is the orbital angular momentum operator. HcoN is the Fermi contact interaction which again for one electron is given by where pr>J(O) is the up spin respectively down spin density at the nucleus.
The total contribution of any one of these quantities will be the expectation value of the sum of the one electron contributions.
For a single isolated free ion the electronic ground state is usually written as a Slater determinant of the occupied one electron wave functions. Such a determinental wave function assures the satisfaction of the Pauli exclusion principle. If the one electron wave functions are orthogonal, the expectation value of the sum of one electron operators can be written as the sum of the one electron expectation values i. e.
if 0 is a one electron operator and the q i are occupied one electron wave functions orthogonal to each other (< pi I p, > = h,,). This orshogonality condition is indeed very important since it is the basis for the so called overlap distortion contribution to the hyperfine interactions [I-71. We now bring these free isolated ions together to form a solid. If the interaction between the ions is small we can still use the free ion wave functions. But in order to use the sum of one electron expectation values we must assure the orthogonality of these wave functions. Although the wave functions centered on a particular ion are orthogonal to each other they will not in general be orthogonal to those centered on neighboring ions. These wave functions must therefore first be orthogonalized. To illustrate this let us consider a diatomic molecule as shown in figure I It should be noted however that such a calculation of overlap distortion effects will always lead to an overestimation because of the neglect of subsequent rearrangement effects. An estimate of possible rearrangement effects can be made as follows. The increase in the electronic charge at the nucleus due to overlap distortion will tend to decrease the effective nuclear charge so that the electrons centered on ion A will tend to move outward a little thereby decreasing the charge density at the nucleus. This will have an especially large influence on the IS. The quadrupole interaction and also the hyperfine magnetic field will be affected to a much lesser extent.
The problem is to estimate how large this rearrangement effect will be. We will only concern ourselves with the charge density at the nucleus and so only the rearrangement on the s electrons will be considered. We first of all note that the wave functions are a linear combination of Slater type orbitals Of the Slater orbitals only j = 1 gives a contribution to the charge density at the nucleus so for the present we need only consider the possible changes in this component of the wave function. We can estimate the effects of the relaxation by simply changing Z j i. e., the The change in the charge density at the nucleus resulting from this change in the effective charge can be obtained as follows. The new core wave functions will be given by and the change in the charge density at the nucleus to first order in 6 Z j will be Using (12) for AZ, we obtain or since For an Fe3+ ion for example we get
This clearly shows how important the rearrangement effects are and how difficult it is to change the wave function close to the nucleus.
Up to now we have only discussed the occupied orbitals and have neglected any charge transfer between the free ions. Usually we will start with cations and anions with ionic charges such that the anion is in a closed shell configuration. In this case the most important charge transfer will be that from the outermost anion orbitals to the partially empty cation orbitals. An exception to this is the CN-ion which has a low lying empty n* orbital so that electron transfer can take place back from the cation to the anion. This back transfer as first suggested by Danon [9] is probably responsible for the low isomer shift in low spin iron cyanides [ l o ] . We will return to this problem below.
Let us denote the empty cation orbitals by qf. The charge transfer can now be taken into account by mixing some cp: character into the occupied ligand wave function $i, the final wave function $f must again be C6-50
G . A. SAWATZKY AND F. VAN DER WOUDE
orthogonal to all the occupied orbitals qi. Our new wave functions are
The charge transfer parameter bij can best be taken as a parameter which is to be determined experimentally.
From lowest order perturbation theory we would obtain where E: and E: are the anion and cation respectively ground state energies with N and M electrons and E K 1 + ET is the total energy of a state where one electron has been transferred from the ith orbital of the anion to the jth orbital of the cation. This denominator is therefore directly related to the electron negativity difference between the two ions. We will also find later that in some simple cases the hyperfine interactions are linearly related to the electronegativity difference. This charge transfer is usually referred to as covalency. The expectation value of a one electron operator will now be overlap distortion) in the molecule as compared to the free ion. This is essentially the linear combination of atomic orbitals method which is a good approximation as long as the overlap integrals are small and as long as the potential produced by the surrounding ions is quite flat so that the wave function remains essentially unaltered from that of the free ion. The importance of such a potential distortion has recently been discussed by Walch et al. [17] . For the moment we will neglect these effects and carry on with the LCAO description of covalency effects on each of the hyperfine interactions.
We can now extend these ideas to an actual solid. Consider for example a central ion in an octahedral configuration (Fig. 2) . We now consider the central ion plus its nearest neighbors as a molecule. The orbital \Iri on the ion B must now be replaced by molecular orbi- where The additional terms have appeared because of covalency effects although it should be noted that the b, also appears in Ni making it impossible to completely separate covalency and overlap effects. By letting Sij + 0 and neglecting the cross terms we can write < 0 > in terms of the occupation numbers of the orbitals i. e. Where we now sum over all orbitals centered on A, nj
Iron atomic orbitals and the corresponding combination of ligand orbitals belonging to the various symmetry representations for iron in an octahedral coordination (").
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being the occupation number of the jth orbital. This is
a frequently used approximation in the interpretation of hyperfine interactions. The basic approximation made up is that the text; a refers to the a bonding orbitals likep, and (ans ; n refers ion wave functions are essentially unaltered (except for to the x bonding orbitals likeg, andp,. tals formed by a linear combination of atomic orbitals of the 6 surrounding anions. In table I we give the linear combinations of these orbitals which correspond to the symmetry of the various central ion orbitals. This is simply a convenience, because only orbitals of corresponding symmetry will have non zero overlap or will mix.
For the IS we will be concerned with the calculation of p l (~) + pf (0) i. e. the total change density at the nucleus so that only 1 type orbitals centered on ion A will contribute directly. Using eq. (19) we can write
The first term in (21) Let us now look at a few examples. We start with the effects of overlap distortion on iron compounds. It was first demonstrated by Simanek et al. [I] following a suggestion by Marshall [I41 that overlap distortion of the iron core orbitals in ionic compounds can strongly influence the s electron density at the nucleus. They showed that the density at the nucleus in the fluorides could be larger by as much as 3 a i 3 in comparison with that for the free ion. By first of all neglecting the charge transfer effects we have determined the overlap distortion contribution Apoy(0) for various trivalent iron compounds. In figure 3 we show a plot of Apov (0 Also shown in figure 3 are the ranges of Fe-ligand distances encountered in nature. It is to be noted that Apov(0) is then almost independent of the ligand taking into account the appropriate Fe-ligand distances. This is certainly the case of the monovalent ligands. That Apov(0) for the oxides is higher than that for the flourides and chlorides is a result of the larger Coulomb attraction of Fe3' and 02-ions resulting in a relatively shorter iron ligand distance.
Since it is expected that the divalent iron flourides are highly ionic we might in this case be justified in neglecting covalency effects and comparing directly Apov(0) as shown in figure 3 with the isomer shifts shown in figure 4 . The solid line in figure 4 is obtained using the relation IS = -a Apov(0) + IS, with a = 0.10. This value of a is close to the value a = 0.14 obtained by Simanek et al. [2] based on the pressure measurements on KFeF, [18] . It should be noted that the above mentioned rearrangement effects will increase this estimate of a by a factor of 2.
The neglect of charge transfer for the oxides and other halides is certainly not justified. For these systems detailed covalency effect calculations have only been done for the oxides . From the oxide study a fairly consistent picture has developed with regard to the importance of electron transfer to the vacant 3d and 4s orbitals. In table I1 are listed some of the parameters found for the ferrites, orthoferrites and the system (Rh,03),(Fe203), -, [22] . These parameters are obtained by comparing isomer shift, hyperfine field and neutron diffraction results. From isomer shift studies alone one could not separate the various contributions.
We find iron effective charges of about + 2.3 for iron in an octahedral environment and 2.0 for a tetrahedral surrounding. We also notice a strong reduction of the spin from the free ion value which will have a strong influence on the magnetic hyperfine field. It should be noted that in doing such calculations it is important to consider the whole cluster of neighboring ions and to determine the normalization constants properly. These normalization constants are far from unity when so much charge transfer is taking place. Using the in table I1 listed values for the transfer parameters and assuming these to be proportional to the respective overlap integrals we can get an idea of how IS is expected to depend on the Fe-0 distance. This is shown in figure 5 using a = 0.14. The values for q,,(O) were obtained from Clementi's [12] wave functions for Fe in the configuration 3d5 4s' .
Perhaps some of the best examples of the dependence of the IS of Fe on the electronegativity of the anions can be found in the halides. In figure 6 is a plot of the isomer shift vs electronegativity of the anions displaying a linear relationship. As already mentioned this effect cannot be due to overlap distortion since this is similar for the various halides. In order to obtain information about the relevant importance of 4s and 3d charge transfer a detailed calculation like that described for the oxides would have to be done.
Another very nice correlation of isomer shift and electron negativity is to be found in Sn compounds (Fig. 7) [23]. Because of the strong 5s 5p3 hybridization expected in these compounds the atomic orbitals q i to be used in an LCAO calculation should be of such a hybrid nature. The more ionic the bond the lower will be the occupation of these hybridized orbitals. Because of the opposing effects of s and p electrons as far as IS is concerned it is a priori difficult to say whether IS is expected to increase or to decrease. Goldanski et al. [24] have developed an expression relating the isomer shift in Sn compounds to the population of the 5s and 5p, and 5p, orbitals. In this case NQR measurements can be of great help since from these the occupation of the p orbitals can be determined.
Some results obtained using the formulas in the text
A rather diffe~ent and new effect seems to play an important role in the low spin iron cyanides ( The isomer shifts for these compounds is very low and in fact negative in some cases relative to iron metal. The reason for this is probably that a CN-molecule has a low lying empty n* orbital so that some cr back transfer >) from iron to CN-may occur [9] . This back transfer will cause a decrease in the 3d occupation and therefore an increase in the charge density at the nucleus. Very recent ab initio calculations done in our laboratories [25] on low and high spin Fe(CN)4-, Fe(CN)3-as well as FeF4-and FeF3-in fact support this arguement to a large extend. It seems, however, that the back transfer which can occur in both high spin and low spin cases is larger for the low spin case which is expected also since here more of the 3d t,, orbitals, which can mix with the empty CN-n* orbi- arising from the surrounding ions of the lattice.
Here Zi e is the charge of the ith ion and y, is the Sternheimer !26] antishielding factor for an electric field gradient produced by charges far from the origin, and where < > means to take the expectation value, the is a sum over all electrons of the central ion plus the I screening effects due to charge transfer into the unoccupied outer orbitals. The occupation numbers of the atomic orbitals will depend on the ligand field splittings of the outermost orbitals and will therefore depend on the crystal structure.
For VZ the approximate formula (20) where all cross terms have been neglected would be essentially the approximation used by Townes and Dailey [27] namely that v $~ = v: , ni whereni is now the occupai tion number of the ith orbital centered on the central ion. This occupation number will in general be different from one or zero because of the charge transfer from the anion. All matrix elements like < *i I V,, I $i > where $i is centered on a neighboring ion are then approximated by the point charge value. In this approximation the core orbital contribution to V, , is zero and only the outer orbitals are considered. The importance of core orbital overlap distortion effects has recently been pointed out by several authors [3-61. In fact for trivalent iron oxides it has been suggested that this overlap distortion effect is as big and in some cases larger than the effect of the rest of the crystal. In all of these calculations certain terms have been neglected. From eq. (19) and (25) the efg due to the ligand orbitals neglecting any charge transfer is given by where P. C. is the point charge value and R is the Sternheimer antishielding factor for an electric field gradient produced by the outer electrons of an ion. For Fe203 the 3 contributions are -2.567, -.581 and 3.462 x 10-l4 esu showing a net overlap distortion contribution of .314 x 10-14 esu which is less than 10 % of the point charge contribution from the lattice. Similar calculations have been done for the iron fluorides and chlorides, all of which show this cancellation effect of the various parts of an overlap distortion contributions. Although this calculation was done for iron compounds such a cancellation is probably also going to be strong for other central ions. We are now left with the real covalency effect contributions. We have just shown that at least for iron compounds we can neglect the core orbitals as well as the spatial extent of the orbitals centered on the anions since these corrections all but cancel each other. Considering then only the outermost occupied ligand and vacant cation orbitals, the total covalency contribution to the electric field gradient will be where AV$ is the correction for the point charge contribution from the rest of the lattice resulting from a change in the anion as well as the cation charge. For Because of the non cubic symmetry in Fe203 the first terms in vEoV will also be non zero. Consider for example only the e, orbitals and let the z axis be thec axis in Fe203. Then because the overlap of the 3d3,2-+ orbital with the ligand 2p orbitals is different from that of the 3dX2-,2 orbital the transfer parameters will also be different and a net contribution to V, , will result. This contribution can be estimated by taking the transfer parameters to be proportional to the overlap integrals. Taking the 2p, 4 3d3,2-,2 (z along Fe-0 bond) transfer to be 0.30 as found for the orthoferrites we obtain for the first term in v : O ' a value of 0.3 x 10-l4 esu. The netto effect of vEoV is then to increase the efg by about 10 %. The conclusion is that at least for trivalent iron oxides covalency as well as overlap distortion do not seem to be very important as far as the efg is concerned.
We now turn to divalent iron compounds which present a different problem. The free ion contribution here will depend on the crystal field splitting and the spin orbit coupling constant. Ingalls [29] has shown that the efg can be written as where A,, A, and I are crystal field parameters and the spin orbit coupling constant. One way of bringing in covalency effects is to replace < l/r3 >,, and 1 by effective values. Another way is to use the LCAO approach just discussed and see how V, , will be effected by overlap and charge transfer effects including of course a possible change in < l/r3 >,,. If for example the Fez+ ion finds itself in an environment such that only one of the d orbitals is doubly occupied say d,, then charge transfer can only take place to the other empty orbitals which will always tend to decrease the efg since charge transfer effects will dominate overlap effects [30] . For example neglecting core orbitals and terms involving the ligand orbitals, V, , for Fe2+ in a tetragonally distorted octahedron will be where S,, is the overlap of the dxy wave function (assumed to be doubly occupied) with the outermost ligand wave function and B, is the transfer integral to either the empty d,, or d,, orbitals. It is rather diffi-cult to estimate the size of these effects. We expect them to be small. In addition to this effect we can also have charge transfer into the vacant e, and 4s orbitals. This kind of transfer can cause a real expansion in the 3d wave function resulting in a reduction in < l/r3 > which can be estimated from the change in < l/r3 > for different oxidation states in the free ion. In addition to these effects involving charge transfer in an LCAO description (symmetry restricted covalency) there may also be real changes in the atomic wave function due to the potential produced by the other ions of the lattice. This kind of covalency central field covalency [31] can cause either a radial expansion or contraction of the wave functions which is in general different for wave functions with different symmetries. The importance of these can be determined from neutron diffraction measurements of the magnetic form factor. For 3d transition metal compounds both contractions of about 17 % in KNiF, [32] as well as expansions (10 %) in the highly covalent sulfides [33] have been observed. These results can be interpreted as indicating an expansion of the 3d orbitals of t2, symmetry and a contraction of those with e, symmetry [34] .
Before drawing any conclusions about covalency effects from the quadrupole interactions in Fe2+ compounds one should be very careful to first correct for spin orbit coupling effects [30] . After such corrections are made apparent covalency effects are often much reduced.
Spin density and magnetic hyperfine interactions.
-Perhaps the most interesting consequences of covalency effects occur in the magnetic hyperfine interactions. Not only does covalency influence the size of the interaction as in IS or the efg but it causes distinctly new contributions which can, by doing the proper experiments, be isolated from the normal interactions. We start by considering only the contact part of the hyperfine interaction which in many cases is the dominant contribution. From eq. (6) we will therefore be interested in the spin density at the nucleus i. e. p,f(0) -p:(0). In NMR, ESR and ENDOR experiments one usually works in terms of the hyperfine coupling constant which is also proportional to p I (~) -pt(0) for the contact part. Experimental and theoretical studies have shown that the contact part of hyperfine coupling constant for a particular atom is independent of the spin on the atom or that pf(0) -p"0) is proportional to the spin. This means that neutron diffraction determinations of the spin can be used to interpret hyperfine field data. Using the same relations as for the isomer shift except that now we subtract the spin contributions we get neglecting again terms involving the ligand wave function. These were found to contribute little to IS and will therefore contribute even less to the spin density.
As for the IS the first term represents the free ion value which is proportional to the spin of the ion which in turn depends for an iron ion on the occupation of the 3d orbitals. For example for a high spin Fe3+ ion the change in the spin of 3d character due to charge transfer from the outermost ligand orbitals is given by where again So,, and b,,, are the group overlap and transfer integrals and
For Fe3+ this will result in a correction to the hyperfine field where So is the free ion spin and HFree for Fe3+ is about -630 kOe. Aside from this it should be noted that the new ligand wave functions also contain some spin density because in our example only spin down density would be transferred from the ligand. This effect gives rise to the transferred hyperfine field on the anion nucleus and contributes strongly to the hyperfine coupling constant, coupling the anion nuclear spin to the central cation electron spin. These effects have been measured by NMR, ESR and ENDOR techniques in numerous systems. From these measurements we can obtain the charge transfer parameters involving the central ion 3d orbitals.
The remaining terms in eq. (30) are contributions from overlap distortion of the spin polarized core orbitals and charge transfer to the spin polarized for Fe 4s orbitals which give a direct contribution to the contact field. The spin polarization of the 4s orbital is expected to give a field of about + 420 kOe (35) for a full 4s shell. The overlap distortion contribution itself is small.
Before we discuss these contributions in more detail there is another new contribution which arises when we take into account more distant cations if these also have a spin. This is the so called super transferred hyperfine field (HsTHF). It is called super transferred because the spin density here is transferred from one ion to another via an intermediate ion in a similar process as that proposed for super-exchange and can in fact be used to obtain information about the super-exchange interactions. Owen and Taylor [36] in that the transfer into the iron 4s orbitals has been taken into account. The inclusion of the 4s orbitals results in normalization constants for the molecular orbitals which are much smaller than 1, so that the approximations made in reference [46] are no longer valid.
To obtain an expression for H, , , , consider a linear molecule as pictured in figure 9 where A is now an Fe3+ ion spin down and B is the cation for which we want to determine the hyperfine field. In forming the molecular orbitals we will now have to take into account that the spin up ligand electrons can transfer into the empty Fe3+ orbitals whereas the spin down ones cannot. This means that the overlap distortion of the B cation spin up s core orbitals will be less than from that of the spin down s orbitals causing a net increase in the spin down density at the nucleus.
Consider now a cluster composed of a central Fe3+ ion in an octahedron of 6 02-ions which in turn are The second term in ,o,f(0) -pi(0) is the so called supertransferred hyperfine field. For B = 1800 we get a result very siniilar to that obtained from the single bond treatment. In our approach however we simultaneously get the contribution due to the occupation of a spin polarized 4s orbital and the ordinary covalency effects on the hyperfine field.
We Once these values are known we can use them to determine the change in the 3d spin (eq. (3 1)) and using then relation (34) and the measured Hhpf we can determine a,, taking H,,,, = -630 kOe. This value of a,, can then be used to determine the isomer shift. This is in fact how the covalency parameters of table I1 were determined. From eq. (36) we also see that HsTHF and therefore H,,, should depend on the Fe-0-Fe bond angle. The orthoferrites MFeO, provide an excellent test for this theory because in this series M = La to M=Lu the Fe-0 distance remains constant according to recent X ray measurements [47] while the Fe-0-Fe bond angles change considerably. Also the hyperfine field decreases from -564 kOe in LaFeO, to -548 kOe in LuFeO, [48] . Recent 'measurements of the isomer shift [20] show that it is constant to within -t .006 mm/s in excellent agreement with eq. (21) and the fact that the Fe-0 distance remains constant. In figure (11) we have plotted H,,, as measured vs cos2 8 obtained from X ray measurements. The agreement with eq. (36) is excellent. We can derive the same sort of expres- These values for A: and A: (table 11) can be used to determine the spin of the ion eq. (31) resulting in S = 0.89 So, in agreement with the by neutron diffraction measured value [49] . It should be noted that experiments and calculations like these yield the information about the charge of an Fe ion which we have used in the electric field gradient calculations.
In order to be a little more general we have calculated the dependence of the hyperfine field and isomer shift for iron in octahedral coordination for various Fe-0 distances. We take the Fe-0-Fe bond to be 1800 and assume that the central iron ion is antiferromagnetically coupled to six neighboring iron ions. The transfer parameters B,, B, and C4, are taken to be proportional to the respective overlap integrals using proportionality constants obtained from the orthoferrite results. In figure 5 we have plotted H,,, and IS vs Fe-0 distance using Simaneks [2] value of R = 0.14 relating the isomer shift to the charge density at the nucleus.
Since the hyperfine field is quite sensitive to HsmF which is strongly dependent on the kind of neighboring cations and on the bond angle we have also shown I .
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cos (3 Hazony et al. [50- 541 ,have proposed a completely different approach for explaining the hyperfine interactions in ferrous iron compounds. They suggest that a radial expansion of especially the t2, iron orbitals are responsible for the changes in the hyperfine interactions. Although part of the trends observed may indeed be due to small radial expansions of the 3d orbitals we feel that most of the effects observed can be explained in terms of an LCAO picture as just discussed. The changes in the hyperfine interactions will in our picture be produced by charge transfer from the ligand to the central iron ion 3d t,, and e, as well as the 4s orbitals. These effects could of course all be lumped into an effective < l/r3 > in the expressions for the electric field gradient or in the dipole or orbital contributions to the magnetic hyperfine field. In this way however the real physical effects which we know do occur remain hidden.
Another important approximation is that we have assumed that the solid can be built up of clusters of the central ion plus its nearest neighbors. This approximation is only valid if the interaction between the clusters is not too large as compared to the interaction with the central ion. In the more covalent compounds like sulfides, selenides and tellurides the interaction between the anions themselves is very large as can be seen from the large one electron band widths (> 5 eV) found for down. For these it is probably better to start with a close packed S2-lattice resulting in a fairly wide S3, H,,,-HSTHF as a function of the Fe-0 distance. It is obvious that the covalency effects affect Hbpf-HSTHF and the isomer shift in much the same way. Before one can compare these results with experiment however one must correct the measured hyperfine fields for the dipolar and orbital contributions and to obtain the true isomer shift corrections for the zero point motion of the nucleus have to be made. In this review we have tried to discuss most of the important mechanisms which can influence hyperfine interactions when free ions are bound to form a compound. We have restricted ourselves to a LCAO description although we have included effects resulting from expansions or contractions of atomic orbitals as a result of the change in the total number of electrons on the ion due to covalency effects. band and consider the small transition metal ion to be situated in the holes of this lattice with localized 3d orbitals. We now can switch on the interaction or covalent mixing between the S2-3p band and the metal 3d orbitals. The charge transfer can now no longer be considered as a transfer of electrons from the nearest neighbor S2-ions but from delocalized electrons in the S2-3p band. We could ti-eat this problem in a manner similar to the Anderson [55] treatment of impurities in metals. We would then expect the spin and charge density disturbances in the S2-3p band produced by a central metal ion to be very extended in range and probably oscillatory as found for magnetic impurities in metals. Such longe range spin density disturbances will also result in long range superexchange interactions and supertransferred hyperfine interactions.
